A molecular basis for memory failure in Alzheimer's disease (AD) has been recently hypothesized, in which a significant role is attributed to small, soluble oligomers of amyloid ␤-peptide (A␤). A␤ oligomeric ligands (also known as ADDLs) are known to be potent inhibitors of hippocampal long-term potentiation, which is a paradigm for synaptic plasticity, and have been linked to synapse loss and reversible memory failure in transgenic mouse AD models. If such oligomers were to build up in human brain, their neurological impact could provide the missing link that accounts for the poor correlation between AD dementia and amyloid plaques. This article, using antibodies raised against synthetic A␤ oligomers, verifies the predicted accumulation of soluble oligomers in AD frontal cortex. Oligomers in AD reach levels up to 70-fold over control brains. Brain-derived and synthetic oligomers show structural equivalence with respect to mass, isoelectric point, and recognition by conformation-sensitive antibodies. Both oligomers, moreover, exhibit the same striking patterns of attachment to cultured hippocampal neurons, binding on dendrite surfaces in small clusters with ligand-like specificity. Binding assays using solubilized membranes show oligomers to be high-affinity ligands for a small number of nonabundant proteins. Current results confirm the prediction that soluble oligomeric A␤ ligands are intrinsic to AD pathology, and validate their use in new approaches to therapeutic AD drugs and vaccines.
A
lzheimer's disease (AD) is a progressive dementia for which the earliest manifestation is memory failure. There is no cure for AD, and its molecular basis is not yet established. Considerable evidence, however, indicates the disease is triggered by neurotoxic assemblies of the 42-aa amyloid ␤-peptide (A␤) (1) (2) (3) .
A␤ is an amphipathic molecule that derives from specific proteolytic processing of its transmembrane precursor protein (amyloid precursor protein, APP) (4) . Because mutations in APP cause a subset of familial AD (5) , and also cause increased accumulation of A␤ (6) , an extensive effort over the past 15 years has sought to establish pathogenic mechanisms that link A␤ with AD. A␤ 1-42 exhibits a remarkable capacity for selfassociation (7) , which gives rise to the large, insoluble amyloid fibrils found in AD neuritic plaques (8, 9) . Similar fibrils assemble in vitro from synthetic peptide (10) . Self-association is functionally significant, because seminal studies a decade ago (11, 12) determined that solutions containing large fibrillar A␤ killed cultured neurons, whereas solutions of monomer were innocuous. The amyloid cascade hypothesis, formulated in 1992 (13) , took these insoluble amyloid fibrils as the primary molecular pathogens of AD. Although stimulating extensive research, the proposed role of amyloid fibrils has not been accepted. A significant failing has been the poor correlation between neurological deficits and amyloid plaque burden (14) , a discrepancy recapitulated in (human) hAPP transgenic mice AD models (15, 16) .
Recently, the amyloid cascade hypothesis was modified to include additional pathogenic A␤ assemblies, which are quite different in structure from amyloid fibrils (1, 16) . The toxins comprise soluble A␤ oligomers. Unlike the large and conspicuous fibril deposits, oligomers would be undetected in typical pathology assays, and thus would constitute, in essence, missing links in the pathogenic cascade (17) . The neurologically disruptive nature of A␤ oligomers has been established in various models. Experimentally generated oligomers applied to brain slices or injected in vivo cause failure of hippocampal long-term potentiation (LTP) (18) (19) (20) , which is a form of synaptic information storage well-known as a paradigm for memory mechanisms. Soluble oligomers also have been implicated in the physical degeneration of synapses (15) and in age-onset memory failure in hAPP transgenic mice (21) (22) (23) . In two studies (22) , memory failure in hAPP mice was actually reversed by A␤-antibodies, a remarkable recovery that occurred without reduction in amyloid plaque level. In one case, recovery was observed in plaque-filled mice within 24 h of a single A␤-antibody injection. Reversal of memory failure by antibodies in mouse models confirmed predictions developed earlier from studies of oligomers and LTP (16, 18) , and is consistent with the emerging concept that AD is an oligomer-induced synaptic failure (24) .
Neurological damage by oligomeric A␤ in experimental models has underscored the need to ascertain the abundance and properties of oligomers in human brain. By using oligomersensitive immunoassays, this article verifies that human brain contains readily soluble A␤ oligomers whose levels are greatly elevated in AD. Oligomers from AD brain show properties equivalent to those of synthetic oligomers, including a striking capacity to attach to neurons at small clusters of surface binding sites.
from Bio-Rad. Hybond enhanced chemiluminescence (ECL) nitrocellulose and horseradish peroxidase (HRP)-conjugated secondary were from Amersham Pharmacia Biosciences. Oligomer-selective antibodies (M93 and M94) were produced and characterized earlier (25) . Alexa Fluor 488-conjugated secondary antibody was from Molecular Probes. Timed pregnant Sprague-Dawley rats were obtained from Charles River Breeding Laboratories. Samples of frontal cortex and cerebellum from AD-and age-matched control brains were obtained from the Northwestern Alzheimer's Disease Center Neuropathology Core, and were stored at Ϫ80°C until used. Synthetic A␤-derived diffusible ligands (ADDLs) were prepared according to published protocols (25, 26) .
Cell Culture. Hippocampal cells were prepared and maintained according to Brewer et al. (27) , by using (0.002%) poly-L-lysinecoated coverslips plated at a density of 1.8 ϫ 10 Cortical and cerebellar cells were cultured as described (28) , with cerebellar cultures given higher KCl (25 mM). Cells were exposed to 5 M cytosine arabinonucleoside (araC) for 24 h, followed by 2.5 M of araC for 24 h. For assays of metabolic activity, cells were plated onto poly-L-lysine-coated 24-well plates at a density of 0.4 ϫ 10 6 cells per well. When ADDLs were added, medium was changed to F12 medium with 50 or 100 nM synthetic ADDLs (plus 25 mM KCl for cerebellar cultures), and metabolic activity (MTT reduction) was measured after 48 h by using the cell proliferation kit according to manufacturer's instructions.
Immunocytochemistry. Cultures were rinsed once with culture media and fixed with 3.7% formaldehyde. The coverslips were washed, permeabilized with 0.1% Triton X-100 in 10% normal goat serum and PBS (NGS:PBS) for 90 min at room temperature, immunolabeled with polyclonal M94 antibody (1:500) overnight at 4°C, followed by an incubation with Alexa Fluor 488 anti-rabbit (2 g͞ml) for Ϸ3 h at room temperature. The cells were rinsed, mounted with ProLong reagent, and visualized by using METAMORPH imaging software (Universal Imaging, Media, PA).
Membrane Preparation. All manipulations of human and adult rat brain tissues were performed at 4°C. Cerebellum, cortex, and hippocampus were homogenized in 20 vol of buffer A (PBS, pH 7.4͞0.32 M sucrose͞50 mM Hepes͞25 mM MgCl 2 ͞0.5 mM DTT͞200 g/ml PMSF͞2 g/ml pepstatin A͞4 g/ml leupeptin͞30 g/ml benzamidine hydrochloride), and were centrifuged at 1,000 ϫ g for 10 min. The pellet was rehomogenized in 10 vol of buffer A and centrifuged again. The combined supernatants were centrifuged at 100,000 ϫ g for 1 h, and the pellet was used for total membrane fraction.
Tissue Extracts. Frontal cortex from AD or control brain (0.2 g) was homogenized in 20 volumes of F12 containing protease inhibitors (as above), and was centrifuged at 100,000 ϫ g for 1 h. The pellet was rehomogenized in 10 volumes of F12 plus protease inhibitors and was recentrifuged. The protein concentration of the combined supernatants was determined. An aliquot of protein (1.8 mg) was then concentrated to a volume of 60 l or less, by using a Centricon-10 concentrator.
2D Electrophoresis. Proteins of soluble cortical tissue extracts (1.8 mg) were separated according to published procedures (29) , by using Bio-Lytes carrier ampholytes, pH 3-10. Synthetic ADDLs, 1 nmol in 10 l of F12, was treated exactly as cortex, and was stained with silver as described (25) .
Immunoassays. Ligand blots were based on published procedures (30) . Membrane preparations were extracted with detergent (31) for 15 min on ice, then solubilized proteins (75 g, unless otherwise indicated) were separated by SDS͞PAGE for 3-4 h at 120 v, and were transferred to nitrocellulose. Blots were incubated with Tris-buffered saline (TBST) containing 5% nonfat dry milk overnight, washed three times with cold F12 medium, and incubated with 10 nM ADDLs for 3 h at 4-8°C. After washing away unbound material with TBST, bound ADDLs were labeled with M93 (1:1,000), and were visualized with enhanced chemiluminescence. Immunoblots and dot blots were completed as described (25, 30) .
Results
Immunoassay for Soluble A␤ Assemblies. To develop a sensitive assay for low levels of oligomers, we first obtained an antibody (R165) known to bind A␤ in Western blots at femtomolar levels (32) . This antibody, although highly sensitive, proved selective for monomers. We therefore vaccinated rabbits with full-length A␤ oligomers to generate sensitive antibodies specific for assembled forms of A␤ (M71, M93, and M94). Specificities of R165 and the oligomer-generated M93 antibodies for different forms of A␤ are illustrated (Fig. 1A) . The predominant oligomer detected in this preparation was tetramer, the most abundant oligomer formed in cold solutions. Depending on conditions, stable oligomers up to 24-mer have been observed, with trimer, tetramer, and 12-mer routinely observed (ref. 26 ; see also Fig. 3 ). Specificity of M93 for assembled forms of A␤ was indistinguishable from other oligomer-generated rabbit antibodies (M71 and M94). Dot immunoblot assays with these conformation-sensitive antibodies detected oligomers at Ͻ0.1 fmol (total A␤; Fig. 1B ) with great specificity. Signal in monomer preparations was at least three orders of magnitude less sensitive, and was likely due to trace amounts of oligomer. Dot immunoblots for oligomers were linear for at least a 100-fold range (data not shown), making the assay useful for determining relative levels in brain extracts.
Increased Soluble A␤ Oligomers in AD. Dot blot assays were used to test for assembled forms of A␤ in soluble extracts of human frontal cortex. Five AD samples were compared with agematched controls. To best preserve in vivo conditions, cortical tissue was homogenized without detergent in nerve cell culture medium. Soluble fractions were clear supernatants from 100,000 ϫ g 60-min spins. Immunoreactivity was robust in AD brain extracts, but was near background for controls (Fig. 2) . Essentially identical results were obtained in three separate trials. Population averages for AD brain were 12-fold higher than for control brain (P Ͻ 0.001). Some control subjects showed detectable oligomers, but at levels lower than for any AD subject. Differences between individual AD and control samples were as much as 70-fold.
Composition of AD-Derived Oligomers.
To verify that immunoreactivity from AD brain (Fig. 2) was due only to oligomers, and to obtain further information concerning molecular composition, soluble extracts were concentrated, resolved by 2D electrophoresis, and were analyzed by immunoblot. Extracts of AD brain contained a prominent oligomer at Ϸ56 kDa and pI 5.6 (Fig. 3A) , whereas control brain showed no immunoreactive material (Fig. 3B) . Absence of fibrils in soluble AD brain fractions was consistent with the use of mild, detergent-free extraction conditions and high-speed ultracentrifugation. Highspeed pellets, which contained the amyloid fraction, had copious immunoreactive material unable to enter SDS͞PAGE gels (see Fig. 6 ). Adding strong detergent (1% SDS) to the extraction protocol gave fibril-free supernatants with additional oligomeric species (4-mers and 24-mers, besides the 12-mers), but it cannot be certain these were of natural origin. Confirmation that immunoreactive molecules in freely soluble extracts were A␤ oligomers was established by comparison with synthetic A␤ preparations (Fig. 3C) . As noted elsewhere (26) 
in soluble AD brain extracts thus was identified as an A␤ 12-mer (M r ϭ 53 Ϯ 4 kDa for three subjects).
Ligand-Like Attachment of Oligomers to Neurons at Clustered Binding
Sites. In further tests of AD-derived oligomers, we investigated their attachment to cultured neurons. A␤ oligomers potentially could attach nonspecifically by insertion into lipid bilayers (33, 34) , or, alternatively, by acting as specific ligands for particular surface binding sites (18) . Brain extracts were incubated with cultured rat hippocampal neurons for 5 min, washed, and immunolabeled without permeabilization. Prominent binding was evident for AD extracts, but not for controls (Fig. 4 A vs. B) . Binding was highly patterned, occurring at small clusters of binding sites. Identical patterns occurred for synthetic oligomers (Fig. 4C) and were seen at doses as low as 20 nM (total A␤). Punctate binding was absent whether oligomers were preincubated with primary antibodies (Fig. 4D) , ruling out the possibility that binding was nonspecific, because of the presence of unusually adhesive molecules. Binding puncta were most abundant in neurites (shown here in stacked z-sections obtained by confocal imaging), and resembled signaling specializations such as clustered rafts or synaptic terminals. Binding was robust in hippocampal and cortical cultures, but not in cerebellar cultures (data not shown), and even within hippocampal cultures, many neurons exhibited no binding. Oligomers thus were specific cell-surface ligands, which was consistent with previous predictions (16, 18) based on oligomer size and diffusibility. Identical patterns seen for neuronal attachment of synthetic and ADderived oligomers suggested a conformational equivalence.
Flow cytometry previously established (18) that binding of synthetic oligomers to intact cells was trypsin-sensitive. To test whether oligomers might act as ligands for particular proteins, we separated membrane proteins by SDS͞PAGE, and carried out ligand overlay assays. Similar to Western blots, except with an intermediate ligand binding step, overlay assays can uncover specific protein-protein interactions (30, 35) . Assay conditions for high-affinity binding were developed by using synthetic oligomers and rat brain membrane proteins. At low doses (10 nM total A␤), binding was most prominent at two nonabundant bands of higher molecular weight (p140 and p260). Signal depended on the level of membrane protein per well (Fig. 5A ) and oligomer dosage (half-maximal binding Ϸ10 nM; Fig. 5C ), and was trypsin-sensitive (data not shown). Binding proteins were neither abundant ( Fig. 5A ; compare with Coomassie blue protein stain), nor were they unusually sticky, because controls for antibody binding in the absence of oligomers were negative (e.g., Fig. 5B Center) . Binding sites were prominent in hippocam- pal and cortical membranes, but not cerebellar membranes ( Fig.  5 A and B) . Regional expression paralleled sensitivity to oligomer toxicity, which was evident in cortical cultures, but not cerebellar cultures at low doses of oligomers (Fig. 5C Inset) .
Synthetic oligomers in some experiments bound to a third band (p100), although binding was less favorable than to p140 and p260 (Fig. 6A Left) . Unlike p140 and p260 binding, the p100 sites were evident in cerebellum, as well as in cortex and hippocampus. Another difference was that p140 and p260, but not p100, binding sites were enriched in raft preparations. Rafts have been linked to signal transduction (36) , aspects of A␤ metabolism (37, 38) , and synapse organization (39) . Overlay patterns were different for AD-derived oligomers, which bound the same three bands as synthetic oligomers, but bound most robustly to p100 (Fig. 6A Right) . Whether overlay binding of AD-derived oligomers was affected by additional proteins in the extracts is not yet known. Binding, however, was completely disease dependent, as control extracts showed no signal.
Overlay assays for binding of synthetic oligomers to human membrane proteins showed conservation of the cortical sites at p140 and p260 (Fig. 6B Left) , which, as illustrated, were more abundant in control brain than AD brain. Decreased relative abundance of p260 and p140 binding sites in five AD samples compared with five normal elderly samples (Fig. 6B Right; P Ͻ 0.05 for p260, and P Ͻ 0.01 for p140 using Student's t test) was consistent with possible occurrence of oligomer binding proteins on cells vulnerable to degeneration in AD.
Discussion
This study has found that AD-affected brains exhibit a striking increase in soluble oligomeric A␤, with AD-derived oligomers being indistinguishable from synthetic molecules in terms of structure and selective attachment to nerve cell surfaces. These findings provide major support for the hypothesized involvement of oligomers in AD, and substantiate the potential of oligomers as novel targets for AD drug discovery. Accumulation of A␤ oligomers in AD provides precedent, moreover, that subfibrillar assemblies now identified for multiple amyloidogenic proteins (40) could be pathogenically significant.
Levels of soluble A␤ oligomers showed no overlap between AD samples and age-matched controls, with maximum differences of Ͼ70-fold. Some controls showed mildly elevated oligomers. Although it has been proposed that oligomers play a role in the earliest stages of AD, and even in pre-AD dysfunction (26), this will be difficult to test without clinically useful assays. Buildup of oligomers in AD pathology is consistent with results from transgenic mouse AD models, in which oligomers increase 100-fold in a regionally specific manner (41) . Memory failure in transgenic mice serves as a model for early AD, and its remarkable reversal by A␤-directed antibodies has been attributed to immunoneutralization of soluble A␤ assemblies (23) . Reversal in mouse models suggests the possibility that transient changes in oligomer levels in human brain could cause fluctuations in memory performance.
Comparison of synthetic and AD-derived oligomers indicated structural equivalence. Previous studies (26) have noted that sizes of synthetic oligomers are influenced by multiple factors, and range from trimer to 24-mer. For AD brain extracts and for synthetic preparations made under bioassay conditions, 2D electrophoresis showed prominent 12-mers at pI 5.6. Although the antibody used can detect the presence of large amyloid fibrils (e.g., Fig. 6 ), the 2D blots established that the soluble fractions from AD brain were free of fibrillar and protofibrillar A␤ species. Protofibrils, which can be neurologically active (42) , have been reported to occur in cerebrospinal fluid (43) . Strong detergent (SDS) released additional oligomers from AD brain, indicating some oligomers were tightly bound to other molecules. Because human oligomers were not purified, they could not be compared with synthetic oligomers for globular appearance by atomic force microscopy, nor could they be tested for neurotoxicity. One difference noted between synthetic and ADderived oligomers was the greater binding of AD-derived molecules to the p100 band in overlay assays. The basis for the difference is unknown, but conceivably may derive from the multiple components present in AD extracts. Overall, the immunochemical assays indicated structural equivalence, which was shown by overlapping mass, pI values, recognition by conformation-sensitive antibodies, and ability to act as specific ligands for particular binding sites. Particularly striking was the equivalent pattern of attachment of synthetic and AD-derived oligomers to neuronal cell surfaces.
Although it has been proposed that toxic A␤ acts by inserting directly into membrane lipids (33, 34) , the current data show oligomers are specific ligands for discretely clustered cell-surface molecules. Overlay assays also showed oligomers act as highaffinity ligands for a small number of solubilized membrane proteins. Binding to cells and solubilized proteins was blocked by antibodies, ruling out simple adsorption at sticky sites. Binding to p140 and p260 exhibited properties suggestive of physiological relevance (high affinity, appropriate regional expression, raft association, species conservation, and decreases in AD), but whether they mediate binding observed by microscopy requires further study.
The size and patterned distribution of cell-surface attachment strongly suggests physiological relevance. Supporting this possibility, recent detailed studies ¶ with synthetic oligomers applied to differentiated hippocampal neuron cultures have shown colocalization of binding sites with the synaptic marker PSD-95. Targeting of synapses by oligomers would support the hypothesis that AD is in large part a synaptic pathology (24) , and would be consistent with their rapid, selective inhibition of LTP (18, 19) . Molecular changes after attachment are poorly understood, although signaling cascades essential for synaptic plasticity appear to be involved. cAMP-response element-binding protein (CREB) signaling is inhibited by nondegenerative doses of A␤ under conditions that produce oligomers (44) . Hypothetically, inhibition of CREB signaling could derive from displacement of Fyn (45) , which normally is tethered by PSD-95 to signaling scaffolds (46) , and has been linked to oligomer-induced neuronal death (18) , experimental memory deficits (47) , and AD pathology (48) . Trafficking of receptors also may be affected. Oligomers block the reversal of long-term depression (LTD) (20) , as well as the formation of LTP. These phenomena are associated with glutamate receptor insertion into postsynaptic membranes (49), a process linked to Src-family kinases (50) . Disrupted signaling responsible for changes in LTP and LTD eventually may lead to synapse destabilization (20) . It has been proposed that A␤ oligomers are responsible for the plaqueindependent decreases in synapse levels observed in hAPP mice (15) .
Because oligomers are neurologically disruptive in experimental models and show significant increases in AD brain, they provide an alternative to plaques as a target for drug discovery. Monoclonal antibodies may provide effective therapeutics, given the plaque-independent reversal of memory failure demonstrated in AD mouse models. One prerequisite will be to develop antibodies that target soluble, but not insoluble, A␤ assemblies. Clinical vaccine trials recently were suspended because of CNS inflammation (51) , which was likely induced by binding of antibodies to amyloid plaque deposits. Whether A␤ oligomers manifest unique epitopes absent from fibrils is unknown. Precedent, however, comes from prions, which oligomerize via a pathway distinct from their fibrillogenesis (52) . If antibodies can be developed that uniquely target oligomers, it would raise the exciting possibility that human memory function in AD could be ¶ Lacor, P. N., Viola, K. L., Lambert, M. P., Finch, C. E., Krafft preserved safely, and in some circumstances, perhaps even restored.
